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We report studies of the carrier extraction mechanism in Si solar cells with Ge quantum dots
(QDs), which enable the optical absorption of photons with energies below the band gap of the
host. Photocurrent measurements revealed that the photocurrent in the QD solar cells increased
superlinearly with increasing excitation intensity under strong photoexcitation, which differed
greatly from the behavior of Si solar cells without Ge QDs. This nonlinear photocurrent generation
indicates that the carrier extraction efficiency from QDs is enhanced under strong photoexcitation
by nonlinear carrier extraction processes, such as two-step photon absorption and hot carrier
generation via Auger recombination.VC 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4756895]
Quantum dots (QDs) have attracted attention because of
their interesting physical properties and potential applica-
tions in optoelectronic devices such as light emitters and so-
lar cells.1 Solar cells using QDs, which enable the optical
absorption of photons with energies below the band gap of
the host, have recently been proposed and extensively stud-
ied.2–11 Many QD solar cells have been reported in attempts
to demonstrate highly efficient solar cell devices. Thus far,
all the reported experimental efficiencies of QD solar cells
have been less than that of the best single-junction devices.
Although increased short-circuit current density has been
reported in devices with QDs, the open circuit voltage (Voc)
has always decreased, which is related to the optical quality
of the QD/bulk interface.4,6,8 Very recent work on Voc reduc-
tion has shown that suppression of thermal escape at low
temperature results in voltage recovery.12 Thus, both sup-
pressed thermal escape and enhanced carrier extraction from
QDs are necessary to maintain the open circuit voltage and
increase the current density. Therefore, understanding of the
carrier dynamics, especially the carrier extraction mecha-
nism from QDs, is one of the most critical needs in QD solar
cell development.
As an alternative to carrier extraction by thermal escape,
several mechanisms, such as two-step photon absorption13
and the Auger process,14 have been proposed to date. In two-
step photon absorption, the first photon generates a carrier in
a QD, and the second excites the carrier into a higher energy
state following carrier extraction from the QD.13 In carrier
extraction using Auger recombination, the carriers in the
QDs are extracted by using the recombination energy
between an electron–hole pair in Auger recombination.14
To study such nonlinear carrier extraction processes,
here we used Ge dots in the intrinsic region of Si-based solar
cells [Fig. 1(a)].15–17 Ge/Si heterostructure provides a unique
opportunity to investigate the fundamental physics of high-
density carrier dynamics and carrier interactions in artifi-
cially controlled nanostructures.18–24 In Ge/Si QDs, a type II
band offset is formed in which electrons and holes are spa-
tially separated by the heterostructures, and holes, not elec-
trons, are confined in the Ge QDs. Owing to the inherent
indirect band gap nature of Si and Ge and the type II band
alignment in Ge/Si QDs, Ge QDs should exhibit a long car-
rier lifetime.25 In addition, hot carrier generation owing to
Auger recombination has been reported in Ge/Si QDs.26
Therefore, the Ge/Si QD solar cell provides a chance to
study systematically the carrier extraction mechanism from
QDs under high carrier density. Although the external quan-
tum efficiency (EQE) in the near-infrared region reportedly
increases when Ge QDs are stacked in multilayer struc-
tures,15 the mechanism of carrier extraction from Ge/Si QD
solar cells has not been studied in detail.
In this letter, we report studies of the mechanism of car-
rier extraction in Ge/Si QD solar cells using photocurrent
measurements. We found that in these cells, the photocurrent
increased superlinearly with increasing excitation power.
This indicates that a nonlinear carrier extraction process
such as two-step carrier generation via intermediate states or
hot carrier generation owing to Auger recombination
appeared under strong photoexcitation and caused the
enhanced EQE in the QD solar cells. The nonlinear process
allows carriers to be extracted without a reduction in the
open circuit voltage, which is quite different from the well-
known thermal escape from QDs.
The samples were grown using a gas-source molecular
beam epitaxy system (Air-Water VCE S2020) utilizing
disilane and germane as the gas sources on p-type Si(100)
substrates with a resistivity of 1–10 X cm.27 Self-assembled
Ge dots stacked in a 100-layer structure were separated by
39-nm-thick Si spacer layers and finally capped with a
50-nm-thick Si layer. The p-i-n junction was formed via
thermal diffusion of phosphorous from a spin-coated diffu-
sion source. The EQEs were measured at room temperature
using a xenon lamp passed through a monochromator as a
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light source or by lasers of several wavelengths. The short
circuit (no bias) photocurrent was measured directly with a
computer-interfaced Keithley 2636A source measurement
unit. For strong photoexcitation, a cw laser was used as the
excitation light source; the laser light was focused by using a
lens with a focal length of f¼ 50mm.
Figure 1(b) shows the EQEs of the Ge/Si QD solar cells
in the near-infrared region, which were measured using a xe-
non lamp. The EQE increased at longer wavelengths
(>1140 nm), reflecting the fact that the Ge QDs cause addi-
tional photon absorption at longer wavelengths of the solar
spectrum. As reported in our previous work,28 under weak
photoexcitation, the EQE is independent of the excitation in-
tensity; thus, the photocurrent was proportional to the excita-
tion intensity.
Figure 2(a) shows the photocurrent as a function of the
excitation intensity. The wavelength of the laser diode was
1310 nm. Under high-density photoexcitation, the photocur-
rent shows a power-law dependence on the excitation inten-
sity with an exponent of 1.1. This superlinear dependence
indicates that the carrier generation efficiency increases with
increasing excitation intensity, which in turn suggests that
FIG. 1. (a) Schematic illustration of Si solar cell
using Ge QDs. (b) External quantum efficiencies
of Si solar cell with and without (w/o) Ge QDs.
Inset: Schematic illustration of type II band off-
set in Ge/Si QDs.
FIG. 2. (a) Photocurrent and (b) external
quantum efficiency as a function of the
excitation intensity (klaser¼ 1310 nm) in
Si solar cell with Ge QDs. Solid line
shows the power law dependence: J /
Ilaser
1.1. (c) Photocurrent and (d) external
quantum efficiency as functions of excita-
tion intensity (klaser¼ 405 nm) in Si solar
cells with and without (w/o) Ge QDs.
Solid and dotted lines show the power
law and linear dependences, respectively.
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the carrier extraction efficiency from QDs is enhanced under
strong light irradiation. Figure 2(b) shows the EQE gext
obtained from the photocurrent divided by the excitation
intensity: gext¼ J/Ilaser. At the maximum excitation power
of 40mW, the EQE increased to 6 105, which is
20% larger than the value measured under weak
photoexcitation.28
To clearly demonstrate the enhanced carrier extraction
efficiency, we compared the Ge/Si QD solar cell to a Si solar
cell without QDs under uv laser irradiation (klaser¼ 405 nm).
The Ge QDs absorb the uv light, and high-density carriers
are generated in them. Figure 2(c) shows the excitation in-
tensity dependence of the photocurrent in the Si solar cells
with and without Ge QDs. In the Ge/Si QD solar cell, the
photocurrent increased superlinearly, like that under near-
infrared laser irradiation. In the Si solar cell without QDs, in
contrast, the photocurrent increased almost linearly and
began to saturate at the maximum excitation intensity. Figure
2(d) shows the EQE measured using the uv laser. Although
the EQE increases with increasing excitation intensity in the
Ge/Si QD solar cell, it is almost independent of the excita-
tion intensity in the Si solar cell without QDs. At the maxi-
mum excitation intensity, the EQEs decreased in both solar
cells. Thus, we concluded that the insertion of QDs into the
Si solar cell causes this superlinear dependence of the photo-
current, enhancing the carrier extraction efficiency.
Figure 3(a) shows the EQE in the visible region under
weak and strong photoexcitation, which were measured
using a xenon lamp as a light source and by lasers of several
wavelengths, respectively. Under weak photoexcitation, the
EQE in the Ge/Si QD solar cell decreased at 350–700 nm
compared with that of the Si solar cell without Ge QDs. This
degradation of the EQE was caused by the strong photon
absorption of Ge QDs in the uv and visible spectral regions.
Owing to carrier confinement, sufficient carriers were not
extracted from the Ge QDs; rather, carriers were recombined
in the QDs or at the Ge/Si interfaces. The EQEs measured by
using lasers with different wavelengths (532 and 635 nm)
also increased with increasing excitation intensity. The
enhanced EQEs under strong photoexcitation are summar-
ized in Fig. 3(a). The enhancement of the EQE under high-
density photoexcitation is more pronounced at shorter wave-
lengths, which is probably related to the strong photon
absorption of Ge QDs occurring in the uv region. At shorter
wavelengths, the optical absorption of Ge QDs becomes rela-
tively strong, and the carriers are generated mainly in the Ge
QDs, not in the Si substrate. Therefore, the increased carrier
density in Ge QDs makes nonlinear carrier extraction
more pronounced. Because EQE enhancement was also
observed in the near-infrared region, in which carriers are
directly generated in the Ge QDs, it is related to the
enhanced carrier extraction efficiency from QDs under
strong photoexcitation. From these experimental results, we
concluded that the extraction efficiency is enhanced under
strong photoexcitation.
Finally, the photocurrent generation owing to nonlinear
carrier extraction was clarified by using the photocurrent
measurements under strong photoexcitation. In nonlinear
carrier extraction, such as two-step photon absorption and
hot carrier generation via Auger recombination [Fig. 3(b)],
the photocurrent increased superlinearly with increasing ex-
citation intensity, J / Ilighta, where a is greater than 1. Thus
far, two-step photon absorption has been studied using EQE
measurements under additional near-infrared light irradia-
tion3,9 in which the carriers in QDs were primarily pumped
out by thermal excitation, and the nonlinear escape processes
were secondary. As noted in a recent paper,12 if the carriers
are freely captured into and extracted from QDs, the separa-
tion between the quasi-Fermi levels of the valence/conduc-
tion bands and the confined electron/hole states will be
diminished under thermal equilibrium. In this case, the band
offset at the QD/bulk interface reduces Voc because the
Fermi level of the valence/conduction bands coincides with
that of the confined electron/hole state. When the thermal
escape rate Cthermal determines the carrier extraction
efficiency from QDs, the photocurrent is proportional to the
excitation intensity: J / Cthermal Ilight. Thus, nonlinear photo-
current measurements would be a simple, useful method of
confirming the appearance of the nonlinear carrier extraction
process, which is expected to contribute to solar cell efficien-
cies beyond those of single-junction devices. Because only a
subtle contribution from nonlinear carrier extraction was
observed even under extremely strong photoexcitation, fur-
ther enhancement of the mid-gap optical absorption would
be necessary to realize highly efficient solar cells. The use of
light management17 to increase the optical absorption at QDs
would be a promising approach.
In summary, we studied the mechanism of carrier
extraction in Ge/Si QD solar cells by using photocurrent
measurements. Under strong photoexcitation, the photocur-
rent increased superlinearly with increasing excitation inten-
sity, indicating that the EQE of the Ge/Si QD solar cell
FIG. 3. (a) EQEs measured using a xenon lamp as
functions of the optical wavelength in Si solar cells
with and without (w/o) Ge QDs. Crosses: Maximum
EQEs in the Ge/Si QD solar cell, evaluated by vary-
ing the excitation laser intensity. (b) Schematic
illustration of nonlinear carrier extraction processes:
(i) Two-step photon absorption. (ii) Hot carrier gen-
eration owing to Auger recombination.
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increased under strong photoexcitation. These findings indi-
cate that a nonlinear carrier extraction mechanism, such as
two-step photon absorption via an intermediate state or hot
carrier generation owing to Auger recombination, appeared
under strong photoexcitation, enhancing carrier extraction
from the QD solar cells.
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